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Overarching Objective 

To assess responses of headwater forested watersheds 
with a range of biophysical, climate and historical land 
disturbance (e.g. clear cut, fire, ice storm) 
characteristics across the U.S. to future climate change 
(21st. Century) using hydrochemical modeling.  
 



Hypotheses 
• H1: Climate change in high elevation watersheds will decrease 

the overall quantity of stream water and will alter the seasonal 
distribution of streamflow; 

 
• H2: Climate change will alter the overall quality of stream water, 

which will be compounded by direct and indirect effects of other 
global change processes such as air pollution, atmospheric CO2, 
and historical land-disturbance; and   

 
• H3: Stream water responses to climate change will vary across 

local, regional, and national geographic scales due to 
hydrometeorological, chemical and biological gradients.  

 



Study Sites 
Site (Identifier, Region) Stream Lat., Long. State Record 

Length (yrs) 
Elevation 

(m) 
Vegetation Cover Size 

(ha) 
Annual 

Precipitation 
(mm) 

Annual 
Discharge 

(mm) 

Bear Brook (EBB; NE) East Bear 44°52'N, 
68°06'W 

ME 20 265-475 Northern Hardwood 11 1250 920 

Hubbard Brook (HBR; NE) WS6 43°57'N, 
71°44'W 

NH 45 550-790 Northern Hardwood 13 1400 880 

Cone Pond (CPW; NE) Inlet 43°54'N, 
71°36'W 

NH 19 485-650 Spruce-Fir 33 1280 670 

Sleepers River (SRW; NE) W-9 44°29'N, 
72°10'W 

VT 18 520-680 Northern Hardwood 41 1320 740 

Huntington Forest (HWF; NE) Archer Creek 44°00'N, 
74°13'W 

NY 14 460-825 Northern Hardwood 135 1210 830 

Biscuit Brook (BSB; NE) Biscuit Brook 41°59'N, 
74°30'W 

NY 25 620-1125 Northern Hardwood 990 1520 970 

Fernow (FEF; SE) WS4 39°03'N, 
79°41'W 

WV 37 750-870 Central Hardwood 39 1460 710 

White Oak Run (WOR; SE) White Oak Run 38°09'N, 
78°27'W 

VA 29 480-968 Oak-chestnut 510 1000 500 

Staunton Watershed (STR; SE) Staunton River 38°15'N, 
78°15'W 

VA 16 335-1056 Oak-pine 1050 1780 765 

Coweeta (CWT; SE) WS2 35°4'N, 
83°26'W 

NC 35 710-1005 Oak-hickory 12 1760 810 

Walker Branch (WBW; SE) West Branch 35°58'N, 
84°17'W 

TN 19 265-350 Oak-hickory 38 1400 980 

Noland Divide Watershed (NDW; SE) Noland Creek 35°34'N, 
83°29'W 

TN 18 1680-1920 Spruce-Fir 17.4 1918 1714 

Loch Vale (LVW; W) Andrews Creek 40°17'N, 
105°40'W 

CO 17 3110-4190 Alpine 150 1230 1000 

Niwot Ridge (NWT; W) Green Lake 
Inlet 

40°18'N, 
105°22'W 

CO 24 2591-3743 Alpine 225 1003 720 

H.J.Andrews (AND; W) WS9 44°16'N, 
122°10'W 

OR 40 425-700 Douglas-fir 9 2270 1260 
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Global Climate Models (AOGCMs) 

• HadCM3: The United Kingdom Meteorological Office’s Hadley
Centre Climate Model, version 3, 

• GFDL CM2.1: The U.S. National Oceanic and Atmospheric
Administration’s Geophysical Fluid Dynamics Laboratory, and  

• PCM: The National Center for Atmospheric Research’s Parallel
Climate Model. 

Downscaling methods:  
• Dynamical: e.g. Regional Climate Model (RCM).
• Statistical (SD): Use statistical relationships (usually some form of

regression equation): 

• Gridded Quantile Mapping: Bias Correction-Spatial Disaggregation (BCSD)
• Station-based Daily Asynchronous Regression

Presenter
Presentation Notes
Climate models are systems of differential equations based on the basic laws of physics, fluid motion, and chemistry. To "run" a model, scientists divide the planet into a 3-dimensional grid, apply the basic equations, and evaluate the results. Atmospheric models calculate winds, heat transfer, radiation, relative humidity, and surface hydrology within each grid and evaluate interactions with neighboring points.Atmosphere-ocean general circulation models (AOGCMs):Large, three-dimensional coupled models that incorporate the latest understanding of the physical processes at work in the atmosphere, oceans, and Earth’s surface.Output Geographic grid-based projections of precipitation, temperature, solar radiation, cloud cover, humidity, and a host of other climate variables at daily, monthly, and annual scales. There are 17 models from different countries but we used only 3:HadCM3:  The United Kingdom Meteorological Office’s Hadley Centre Climate Model, version 3,GFDL CM2.1: The U.S. National Atmospheric and Oceanic Administration’s Geophysical Fluid Dynamics Laboratory, and PCM: The National Center for Atmospheric Research’s Parallel Climate Model.With a course resolution (80 to 400 km), AOGCMs are unable to predict detailed regional climate change, therefore:Coarse-resolution global climate model outputs  Downscaled to high-resolution local temperature and precipitation projections.Downscaling methods: Dynamical: Use physically based models with finer spatial resolution than the original global model, e.g. Regional Climate Model (RCM).Statistical (SD): Use statistical relationships (usually some form of regression equation) where a fine-scale predictand is related to a set of course-resolution predictors.



Source: NECIA/UCS, 2007 (see: www.climatechoices.org/ne/) 

End-of-century 
concentrations range from 
~double to triple pre-
industrial levels 

Source: IPCC 2001  
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Future Scenarios
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Presentation Notes
This figure shows the SRES emissions scenarios.  The NECIA has used the A1FI (top dotted red line) and B1 scenarios (bottom green line), capturing the envelope of plausible emissions pathways.Projections of future emissions. To estimate future changes that might be expected in our climate, we first have to make some assumptions about what the future might look like, especially the amount of heat-trapping emissions that will be in the atmosphere. Scientists make estimates of future emissions by creating scenarios of what population growth, energy use, economic development, and technology use could look like in the future.Scientists and other technical experts involved with the Intergovernmental Panel on Climate Change (IPCC) have developed a set of future emission scenarios known collectively as SRES (Special Report on Emissions Scenarios). We use the SRES A1fi and the B1 scenarios to represent possible higher- and lower-emission choices, respectively, over the coming century (see the figure). �Projected future carbon emissions for the SRES emission scenarios (Nakićenović et al., 2000). The higher-emission scenario (A1fi) corresponds to the highest red dotted line, while the lower-emission (B1) scenario is indicated by the solid green line.The higher-emission scenario (A1fi, uppermost dotted red line) represents a future with fossil fuel-intensive economic growth and a global population that peaks mid-century and then declines. In this scenario, concentrations of atmospheric carbon dioxide (the main heat-trapping gas) reach 940 parts per million (ppm) by 2100—more than triple pre-industrial levels. The lower-emission scenario (B1, solid green line) also represents a world with high economic growth and a global population that peaks by mid-century, then declines. However, the lower-emission scenario includes a shift to less fossil fuel-intensive industries and the introduction of clean and resource-efficient technologies. Atmospheric carbon dioxide concentrations reach 550 ppm by 2100, about double pre-industrial levels. Current carbon dioxide concentrations stand at 380 ppm (about 40 percent above pre-industrial levels).SRES scenarios incorporate assumptions about the following drivers:http://www.grida.no/climate/ipcc/emission/049.htm�     http://climatechange.unep.net/jcm/doc/emit/sres.html A1: Rapid convergent growth The A1 scenarios all describe a future world of very rapid economic growth and global population that peaks in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies. Major underlying themes are convergence among regions, capacity building, and increased cultural and social interactions, with a substantial reduction in regional differences in per capita income. The difference between the A1FI, A1B, A1T and scenarios is mainly in the source of energy used to drive this expanding economy. A1FI: Fossil-fuel Intensive, coal, oil, and gas continue to dominate the energy supply for the forseeable future. A1B: Balance between fossil fuels and other energy sources A1T: emphasis on new Technology using renewable energy rather than fossil fuel. B1: Convergence with global environmental emphasisThe B1 storyline and scenario family describes a convergent world with the same global population that peaks in mid-century and declines thereafter, as in the A1 storyline, but with rapid changes in economic structures toward a service and information economy, with reductions in material intensity, and the introduction of clean and resource-efficient technologies. The emphasis is on global solutions to economic, social, and environmental sustainability, including improved equity, but without additional climate initiatives. 

http://www.climatechoices.org/ne/�


Sensitivity Analysis to Climatic Drivers 

Parameter Range SDischarge SNO3- SDOC SANC S%BS 
Temperature (°C) 4.46-7.22 -0.03 1.44 0.05 -1.29 -0.09 
Precipitation (cm) 104.26-182.45 1.01 -0.51 -0.02 0.59 -0.02 
PAR (mmol m-2 s-1) 456.15-629.99 -0.05 -1.43 0.04 1.25 0.24 

Sensitivity analysis  Testing the relative change in each state variable X values divided by the relative 
change in the value of the input (Input) tested. 

•Positive number indicates positive correlation between the parameter and the state variable while 
negative number is an indication of negative correlation. 

•Higher SInput, X values indicate that the model is more sensitive to that climate input type tested. 



Downscaling Approaches: 
Gridded Quantile Mapping vs. Station-Based  

Gridded Quantile Mapping (BCSD):  
• The most commonly-used for monthly downscaling
• Originally for GCM output  Long-range streamflow

forecasting.  
• Compares favorably to regional climate models. 

Station-based Daily Asynchronous Regression:
• More complex  Between two quantities without

temporal correspondence, but expected to have
similar statistical properties (e.g. mean and variance).  

• Uses all the GCM information; e.g. changes in day-to-
day variability.  

• Advantageous for extreme hot days projections (over
95oF). 

Gridded Station-Based 

Presenter
Presentation Notes
Gridded Quantile Mapping. The most commonly-used method for monthly downscaling is the Bias Correction-Spatial Disaggregation (BCSD) approach originally developed for adjusting global-scale model output for long-range streamflow forecasting.[i],[ii] More recently, it has been adapted for use in studies examining the hydrologic impacts of climate change including Sierra Nevada snowpack and water resources in the U.S. Northeast.[iii],[iv]��The BCSD method uses an empirical statistical technique broadly referred to as “quantile mapping.” As the name suggests, this method maps the probability distribution functions for historical monthly precipitation and temperature simulated by the global climate model onto observed monthly values for the same period.[v],[vi] This technique is illustrated in Figure 5.3, where a mapping factor (“QM”) is calculated for each quantile of the historical distribution. For the future, each quantile of the global climate model simulation is then corrected by that same factor. The resulting time series reproduces changes in both the mean and variability of monthly observations as simulated by the GCM outputs, and compares favorably to regional climate model simulations.[vii],[viii]��This method was originally developed for hydrological forecasting, which responds to changes in air temperature and precipitation over scales of weeks to months. For that reason, after monthly temperature and precipitation is downscaled using quantile mapping, the BCSD approach then selects a random month from the historical observations. Each day in that month is then scaled by the difference or “delta” between [KH1]the downscaled month and the actual month. This maintains realistic day-to-day variance in the downscaled projections. However, this sampling/delta step also represents a key limitation of the method, since any changes in the probability distribution within a month will not be captured. As illustrated in Figure 5.4, this means that the BCSD method can produce very different estimates of changes in extreme heat days as compared to more complex approaches that explicitly resolve the changes in day-to-day variability simulated by the global models.���[i] Wood, A. W., E. P. Maurer, A. Kumar, and D. P. Lettenmaier (2002) Long-range experimental hydrologic forecasting for the eastern United States, Journal of Geophysical Research, 107(20) ACL6�[ii] VanRheenen, N. T., A. W. Wood, R. N. Palmer, and D. P. Lettenmaier (2004) Potential implications of PCM climate change scenarios for Sacramento-San Joaquin River Basin hydrology and water resources, Climatic Change, 62(1-3) 257-281.�[iii] Hayhoe et al. 2004. Emission pathways, climate change, and impacts on California. PNAS 101 12423-12427�[iv] Hayhoe K, Wake CP, Huntington TG, Luo L, Schwartz MD, Sheffield J, Wood EF, Anderson B, Bradbury J, DeGaetano A, Troy T, Wolfe D (2006) Past and future changes in climate and hydrological indicators in the U.S. Northeast. Clim Dyn 28:381–407�[v] Maurer, E. P., A. W. Wood, J. C. Adam, D. P. Lettenmaier, and B. Nijssen (2002) A long-term hydrologically based dataset of land surface fluxes and states for the conterminous United States, Journal of Climate, 15(22) 3237-3251.�[vi] Maurer, E. P. and H. Hidalgo (2008) Utility of daily vs. monthly large-scale climate data: An intercomparison of two statistical downscaling methods, Hydrology and Earth System Sciences, 12(2) 551-563�[vii] Wood, A. W. et al. (2004) Hydrologic implications of dynamical and statistical approaches to downscaling climate model outputs, Climatic Change, 62(1-3) 189-216.�[viii] Hayhoe, K., C. Wake, B. Anderson, X.-Z. Liang, E. Maurer, J. Zhu, J. Bradbury, A. DeGaetano, A. Hertel, and D. Wuebbles (2008) Regional Climate Change Projections for the Northeast U.S., Mitigation and Adaptation Strategies for Global Change, 13, 425-436��Station-based Daily Asynchronous Regression is a more complex statistical method that uses quantile regression to determine relationships between two quantities that do not have temporal correspondence, but that are expected to have similar statistical properties such as mean and variance. A regression relationship is determined between two independent time series using only their probability distributions.�This method was first proposed as a way to calibrate satellite instruments, specifically correct to electron flux measurements made by a spacecraft in a geosynchronous orbit.[i]  It addresses the issue of how to relate measurements made at different times to each other. This is exactly the problem posed by historical climate model simulations and observations. They do not have temporal correspondence, but over “climate” timescales of about 30 years, they are expected to produce similar probability distributions.��For daily asynchronous regression, each historical month’s time series is reordered by rank and a relationship between observed and modeled temperature or precipitation is determined using piecewise linear regression (Figure 5.6). This relationship is then used to correct global climate model output over the future time period. Additional steps such as pre-filtering the global climate model output fields using principal component analyses to remove low-level noise, spatial interpolation of the global model to the scale of the observations, and including information generated by the climate models for convective and large-scale precipitation, further improves the relationship between observations and global model simulations.��This approach uses all the information provided by the global climate model regarding how day-to-day variability might change. It allows the shape of the probability distribution to change over time, including shifts in the mean, the variance, and even the skewness (symmetry) of the distribution (Figure 5.7). As shown previously in Figure 5.2, this method produces very similar results to less complex downscaling approaches at the seasonal to annual scale. However, asynchronous regression-based projections for changes in the tail of the distribution, such as the number of days per year over 95oF or 36oC, can be significantly different from other downscaling methods that do not include daily global climate model inputs (Figure 5.4).���[i] O’Brien, T. P., D. Sornette, and R. L. McPherron (2001) Statistical Asynchronous Regression: Determining the relationship between two quantities that are not measured simultaneously, Journal of Geophysical Research, 106(13) 13247-13259



•Avg. air temperature: 19 C (Jul) to -8 C (Jan)  
•Annual Precipitation: 1400 mm 
•Avg. Max. Snowpack: 72 cm 
•Avg. Max Soil frost: 6 cm 

Hubbard Brook Climate 
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Streamflow Quantity 
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Changes in Streamflow Timing 
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1970-1999  Mean Change  2070-2099 

HadCM3 PCM GFDL 

A1 fi B1 A1 fi B1 A1 fi B1 

Temperature 
(ºC) 

5.7 +6.5 +3.1 +3.5 +1.7 +4.4 +2.0 

Annual Precipitation 
(cm) 

144 +31.7 +21.5 +3.9 +12.7 +20.2 +15.4 

PAR 
(mmol m-2 s-1) 

566 -4.6 +41.2 +104.7 +143.1 +17.2 -26.7 

Climate Projections (HBEF) 

B1 (Low CO2) = 550 ppm by 2100                                                          Current CO2 = 390 ppm  

A1 fi (High CO2) = 970 ppm by 2100                                                      In 1800 CO2 = 280 ppm 



Future Trends in Climate (2009-2099) 
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Stream Flow (HadCM3-A1 fi): Grid-
Based vs. Station-Based  

Monthly Shifts in Hydrology
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Changes in C Fluxes under Climate Change 

Note: Values for reference period (1970-2000) are simulated values from PnET-BGC. Future values are the average output of all six climate scenarios over the period of 
2070-2100.  

a Without CO2 effects on vegetation 

b With CO2 effects on vegetation 



Changes in N Fluxes under Climate Change 

Note: Values for reference period (1970-2000) are simulated values from PnET-BGC. Future values are the average output of all six climate scenarios over the period of 
2070-2100.  

a Without CO2 effects on vegetation 

b With CO2 effects on vegetation 



Changes in Snowmelt, Soil Moisture, Discharge, and NO3
-  

HadCM3-A1fi 
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Historical Land Disturbance (HBEF vs. HF) 
HadCM3-A1fi 
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HWF Climate 
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Conclusions
• Under future climate change, northern forest:

• Hydrochemistry is sensitive to climatic drivers;
• Hydrology changes due to later snow pack development, earlier 

spring discharge (snowmelt), and greater evapotranspiration;
• Increases leaching losses of NO3

- due to enhanced soil 
mineralization resulting in soil and stream water acidification.

• The effect of increasing atmospheric CO2 on vegetation 
partially offsets NO3

- loss by enhancing plant growth rates and 
nutrient uptake. 

• Over the first half of the 21st century CO2 is the dominant 
driver of watershed responses to climate change while it shifts 
to temperature over the second half.



Future Work 

• Additional cross site analysis examining latitude, 
elevation, climate, vegetation, land disturbance 
and atmospheric deposition history 

• Interactions of climate, land disturbance, and air 
pollution 

• Examination of grid based vs station based 
downscaling 

• Publications 
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Climatic Data
•Solar radiation
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•Temperature

PnET
Water balance
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Downscaling Approaches: 
Gridded Quantile Mapping vs. Station-Based  

Gridded Quantile Mapping:  
• The most commonly-used method for monthly downscaling is the Bias Correction-

Spatial Disaggregation (BCSD) approach. 
• Originally developed for adjusting global-scale model output for long-range streamflow forecasting.  
• More recently, it has been adapted for use in studies examining the hydrologic impacts of climate change

including Sierra Nevada snowpack and water resources in the U.S. Northeast. 
• The resulting time series reproduces changes in both the mean and variability of monthly observations as 

simulated by the GCM outputs, and compares favorably to regional climate model simulations. 

Station-based Daily Asynchronous Regression:
• More complex statistical method that uses quantile regression to determine relationships between two 

quantities that do not have temporal correspondence, but that are expected to have similar statistical 
properties such as mean and variance. A regression relationship is determined between two 
independent time series using only their probability distributions. 

• This approach uses all the information provided by the global climate model regarding how day-to-day
variability might change. It allows the shape of the probability distribution to change over time, including
shifts in the mean, the variance, and even the skewness (symmetry) of the distribution. 

• Asynchronous regression-based projections for changes in the tail of the distribution, such as the number
of days per year over 95oF or 36oC, can be significantly different from other downscaling methods that 
do not include daily global climate model inputs
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Presenter
Presentation Notes
There have been significant declines in the snowpack at Hubbard Brook.Maximum snow depth has declined by about 25 cm over 50 years, or about 7 cm of snow water equivalence.  And snow cover duration has decreased by about 20 days over the 50 year record. 



Stream Flow (HadCM3-A1 fi) 

Earlier Spring Discharge 

(Snowmelt) 

Greater ET Later Snow pack 
Development 

92.6 90.3 93.5 

Presenter
Presentation Notes
Preliminary results show a substantial shift in hydrology with late snow pack development, earlier spring discharge (snowmelt), greater evapotranspiration and longer growing season, and decrease in water yield. Considering CO2 effects on vegetation, show slight increase in water yield due to effect of CO2 on stomatal conductance which can offset the effects of temperature to some extent. Under a future changing climate, there will also be greater evapotranspiration losses, and a larger fraction of the annual water budget will be routed along deeper hydrologic flowpaths.



Changes in C Fluxes under Climate Change 

Fluxes/Pools C/DOC 

Period 1970-2000 2070-2100a 2070-2100b 
Deposition 17.2 20.0 20.0 
Throughfall 17.2 20.0 20.0 
Litterfall 6860.8 5543.0 6855.8 
Weathering 0.0 0.0 0.0 
Uptake 0.0 0.0 0.0 
Mineralization 5975.6 5109.1 6117.5 
Nitrification 0.0 0.0 0.0 
Plant total 228778.5 296834.6 460706.0 
Humus 119713.0 79138.2 91331.8 
Soil Exchangeable pools 0.0 0.0 0.0 
Drainage Losses -18.1 -11.9 -15.2 

Note: Values for reference period (1970-2000) are simulated values from PnET-BGC. Future values are the average output of all six climate 
scenarios over the period of 2070-2100. Positive fluxes indicate an increase in soil solution concentration. 

a Without CO2 effects on vegetation 

b With CO2 effects on vegetation 



Changes in N Fluxes under Climate Change

Fluxes/Pools NH4-N NO3-N 

Period 1970-2000 2070-2100a 2070-2100b 1970-2000 2070-2100a 2070-2100b

Deposition 2.4 2.0 2.0 5.6 2.5 2.5
Throughfall 2.0 1.6 1.6 5.6 2.5 2.5
Litterfall 93.6 86.8 95.1 0.0 0.0 0.0
Weathering 0.0 0.0 0.0 0.0 0.0 0.0
Uptake -82.5 -22.2 -71.9 -15.5 -69.0 -30.9
Mineralization 94.2 99.9 103.5 13.7 79.3 33.2
Nitrification -13.7 -79.3 -33.2 13.7 79.3 33.2
Plant total 681.9 1035.5 1309.8 0.0 0.0 0.0
Humus 3372.2 2388.0 2619.8 0.0 0.0 0.0
Soil Exchangeable pools 0.0 0.0 0.0 0.0 0.0 0.0
Drainage Losses 0.0 0.0 0.0 -3.8 -12.8 -4.8

Note: Values for reference period (1970-2000) are simulated values from PnET-BGC. Future values are the average output of all six climate 
scenarios over the period of 2070-2100. Positive fluxes indicate an increase in soil solution concentration. 

a Without CO2 effects on vegetation

b With CO2 effects on vegetation

Uptake Uptake -82.5 -22.2 -71.9 -15.5 -69.0 -30.9
Mineralization 94.2 99.9 103.5 13.7 79.3 33.2
Nitrification -13.7 -79.3 -33.2 13.7 79.3 33.2
Plant total 681.9 1035.5 1309.8 0.0 0.0 0.0
Humus 3372.2 2388.0 2619.8 0.0 0.0 0.0

Presenter
Presentation Notes
Average of all scenarios.



Stream Flow (HadCM3-A1 fi): Grid-
Based vs. Station-Based  
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